The vitamin K-dependent carboxylase catalyzes the posttranslational modification of specific glutamic acid residues to form rcarboxygutam acid residues within the vitamin K-dependent proteins. This enzyme renizes the 'y-carboxylation recognition site on the propeptide of the precursor forms of the vitamin K-dependent blood cogulation proteins. To purify this enzyme to homogeneity, the carboxylase from bovine liver microsomes was solubilized with 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), the protein was fractionated with ammonium sulfate, and then the enzyme was isolated by affinity chromatography using a synthetic peptide based upon the structure of the prothrombin propeptide. Elution with 10 mM propeptide yielded a single major band on SDS gel electrophoresis with a molecular weight of 77,000. In the presence of igh concentrations of propeptide, only minimal carboxylase activity was measurable. Antibodies to the protein inhibited the carboxylase activity in crude preparations. In an alternative affinity purification strategy the propeptide was coupled through an NH2-terminal cysteine to an activated thiol-Sepharose column. The carboxylase-propeptide complex was eluted at 25°C by reductive cleavage ofthe enzyme-propeptide complex in the presence ofdetergent and phospholipids. The eluted protein (Mr, 77,000) 
ylase from bovine liver microsomes was solubilized with 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), the protein was fractionated with ammonium sulfate, and then the enzyme was isolated by affinity chromatography using a synthetic peptide based upon the structure of the prothrombin propeptide. Elution with 10 mM propeptide yielded a single major band on SDS gel electrophoresis with a molecular weight of 77,000. In the presence of igh concentrations of propeptide, only minimal carboxylase activity was measurable. Antibodies to the protein inhibited the carboxylase activity in crude preparations. In an alternative affinity purification strategy the propeptide was coupled through an NH2-terminal cysteine to an activated thiol-Sepharose column. The carboxylase-propeptide complex was eluted at 25°C by reductive cleavage ofthe enzyme-propeptide complex in the presence ofdetergent and phospholipids. The eluted protein (Mr, 77,000) contained both stable vitamin K-dependent carboxylase and vitamin K epoxidase activity. The protein, purified by either method, was detected as a single band (Mr, 77,000) in a Western blot using anti-carboxylase antibodies. A 10,000-fold purification ofcarboxylase activity from crude microsomes was estimated. Purified bovine liver vitamin K-dependent carboxylase should facilitate the study of its structure and of the mechanism of action of vitamin K as a cofactor in the reaction catalyzed by this enzyme.
y-Carboxyglutamic acid is a component of a unique class of calcium-binding proteins that require vitamin K for their complete synthesis (1, 2) . Of the vitamin K-dependent proteins, prothrombin, factor IX, factor X, factor VII, protein C, and protein S are plasma proteins involved in blood coagulation or the regulation of coagulation (3, 4) . These proteins bind to calcium ions through -carboxyglutamic acid and undergo a calcium-induced conformational transition that is associated with the expression of a membrane binding site (5) (6) (7) (8) (9) (10) . The role of the -carboxyglutamic acid-rich domain involves calcium-dependent binding of the vitamin Kdependent proteins to membrane surfaces, allowing the formation of protein complexes on membranes for the efficient activation of these proenzymes to their active form (11) .
The vitamin K-dependent blood coagulation proteins are synthesized in the liver in a precursor form (12, 13) . Specific glutamic acid residues are converted to y-carboxyglutamic acid by a vitamin K-dependent carboxylase located in the rough endoplasmic reticulum. This reaction requires reduced vitamin K, molecular oxygen, and carbon dioxide (14) . The prozymogens, including proprothrombin and profactor IX, contain a propeptide between the signal peptide and the mature zymogen (15) (16) (17) . The propeptides of all of the vitamin K-dependent proteins have sequence homology (18) . On the basis of this homology and the observation that a defect in the propeptide offactor IX Cambridge and factor IX San Dimas impaired carboxylation (19, 20) , we proved that an intact propeptide is required for carboxylation (21) . Mutation of phenylalanine -16 or alanine -10, two highly conserved residues in the propeptide, or deletion ofthe propeptide (-18 to -1) in factor IX obliterated in vivo carboxylation ofmutant proteins expressed in heterologous mammalian cells (21, 22) . Similar results with the propeptide of protein C confirmed these findings (23) .
A recognition element, known as the y-carboxylation recognition site, is contained within the propeptide (21) . Synthetic 28-residue peptides containing this y-carboxylation recognition site and the NH2-terminal residues of the mature zymogen undergo efficient vitamin K-dependent carboxylation in vitro when a partially purified form of bovine liver carboxylase is used (24, 25) . Synthetic peptides homologous to the propeptide also stimulate the carboxylation of a small peptide substrate, Phe-Leu-Glu-Glu-Leu (FLEEL) (26) . These studies have suggested that the y-carboxylation recognition site in the propeptide binds directly to the carboxylase.
The vitamin K-dependent carboxylase is an integral membrane protein. Although it has attracted considerable interest since its discovery (27) , the protein has been refractory to complete purification because of problems with its solubilization and stability (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . To obtain pure carboxylase for detailed mechanistic studies of the action of this enzyme, we have developed a purification based upon the affinity of the enzyme for a synthetic propeptide.
MATERIALS AND METHODS
Synthesis of Peptides. Peptides were synthesized on an Applied Biosystems model 430A peptide synthesizer (37) and purified as previously described (24, 25 Affinity Purification of the Carboxylase by Reductive Cleavage of the Enzyme-Propeptide Complex. 2-Thiopyridylactivated thiol-Sepharose 4B (Pharmacia) containing 1 ,umol of activated sites per ml was swelled in 100 mM Tris/1 mM EDTA, pH 7.0, and washed with 100 mM Tris/1 mM EDTA/ 500 mM NaCl, pH 7.5. Peptide (10 ,umol) was dissolved in 6.0 ml of 100 mM Tris/1 mM EDTA/500 mM NaCl, pH 7.5, and the solution was added to 4 ml of activated gel. The reaction proceeded for 3.5 hr at 25°C under N2. After filtering, the gel was washed with 6 ml of 100 mM Tris/1 mM EDTA/500 mM NaCl, pH 7.5. The coupling efficiency was measured by quantitation of the release of 2-thiopyridone (40) . The gel was washed with 100 mM ammonium acetate, pH 4.5, and the unreacted 2-thiopyridyl groups were displaced with a 3-fold molar excess of 2-mercaptoethanol over the original amount of activated sites in 4 ml of 100 mM ammonium acetate, pH 4.5. After 30 min under N2 at 25°C, the gel was washed with 100 mM ammonium acetate at pH 4.5, 20 mM sodium phosphate, pH 7.4/0.15 M NaCl (PBS), and PBS/0.02% NaN3 for storage at 4°C.
Partially purified carboxylase (2.0 ml) was applied to a 2-thiopyridyl activated thiol-Sepharose column (6 ml of gel; 1 x 10 cm) equilibrated in buffer B [20 mM sodium phosphate, pH 7.4/0.15 M NaCl/0.1% CHAPS/15% (vol/vol) glycerol/l mM EDTA/1 mg per ml phospholipid, composed of 91% (wt/wt) chicken egg L-a-phosphatidylcholine (type V-E, Sigma), 4 .5% (wt/wt) Folch fraction III bovine brain extract, and 4.5% (wt/wt) bovine heart L-a-phosphatidylethanolamine (type VII, Sigma)] at 40C and the flow was stopped for 3 hr. The column was then washed with buffer B at 1 ml/hr. The carboxylase, which did not bind to the column, was collected.
This carboxylase preparation was applied to a CGGHVF-LAPQQARSLLQRVRR-thiol-Sepharose column (1 x 10 cm) containing 3.75 ml of affinity matrix equilibrated in buffer B, and the flow-through was recycled through the column for 3 hr at 2 ml/hr. The affinity gel was then washed at 20 ml/hr with a series offour buffers: 50 ml of buffer B, 50 ml of buffer B/i M NaCl, 10 
RESULTS
Design of Propeptide-Based Affinity Matrices. In designing an affinity purification of the carboxylase, we have exploited both the specificity and affinity of the propeptides of the vitamin K-dependent proteins for the carboxylase. proPT18, a synthetic peptide based upon residues -18 to -1 of the human prothrombin propeptide, was the ligand for several affinity matrices (Fig. 1) . Although free proPT18 inhibits the carboxylation of proPT28, matrix in which the propeptide was coupled directly to the beads did not. Therefore, we evaluated two peptides that included NH2-terminal linker segments for their utility as ligands for affinity chromatography. Matrix A (Fig. 1) has KKKGGGIGGKAAAAHV-FLAPQQARSLLQRVRR coupled to CNBr-activated Sepharose. Matrix B (Fig. 1) has peptide KGGHVFLAPQQARS-LLQRVRR. Both peptides inhibited the carboxylase assay in their free and Sepharose-coupled forms. Matrix C (Fig. 1 (Fig. 2, lane A) . Most of the carboxylase activity was eliminated from the affinity matrix upon elution with proPT18, but minimal carboxylase activity was recovered in the eluate, as monitored by the carboxylation of FLEEL. Although the in vitro carboxylation of FLEEL is stimulated by the addition of 1 gM propeptide (26) , at high concentrations (10 mM) the propeptide completely inhibits carboxylation. Thus, under the elution conditions described, the vitamin K-dependent carboxylase enzymatic activity cannot be measured. Comparable result were obtained with matrix B.
To isolate the carboxylase in the absence of inhibitory concentrations of propeptide, we developed an alternative elution method. Matrix C, containing CGGHVFLAPQ-QARSLLQRVRR, was prepared as an affinity gel (Fig. 1C) from which the propeptide-carboxylase complex could be eluted by reductive cleavage with DTT. The carboxylase activity is stable to reducing agents (31, 32) . Since matrix C contained some excess reactive sulflhydryl groups that were not coupled to peptide, the partially purified carboxylase (Fig. 2, lane C) was first applied to a column of activated thiol-Sepharose without a coupled peptide (Fig. iD) activated thiol-Sepharose. In these experiments the timedependent loss ofactivity in the partially purified carboxylase varied from 60% to 90%. This carboxylase preparation, with the thiol-binding proteins removed, was applied to affinity matrix C containing the synthetic peptide incorporating the carboxylation recognition site. Approximately 40%o of the applied carboxylase activity remained bound to the column. Since reduction of the column with DTT at 4TC was not associated with the release of carboxylase activity, after extensive washing, several column volumes of elution buffer were applied at this temperature to ensure that the entire bed volume was equilibrated with elution buffer. Then the carboxylase-peptide complex was eluted for 45 min by restoring the column to 25TC. Carboxylase was quantitatively recovered in the eluate and minimal carboxylase activity remained associated with the column matrix. The specific activity of the purified carboxylase was 1.3 x 107 cpm of 14CO2 per hr per mg of protein, an overall purification of 10,000-fold from crude bovine liver microsomes (Table 1) . SDS gel electrophoresis revealed a single homogeneous protein band corresponding to a molecular weight of77,000 (Fig. 2, lane B) . This band comigrated with the protein obtained with propeptide elution of the affinity matrix. The purified carboxylase was stable for a month at 40C.
Immunochemical Analysis of the Vitamin K-Dependent Carboxylase. Antibodies were prepared in rabbits against carboxylase obtained by propeptide elution of affinity matrix A. After dialysis, the immunogen contained carboxylase and a small amount of proPT18. Anti-propeptide antibodies in the anti-carboxylase antiserum were removed by passage of the antiserum over an affinity matrix containing proPT18-Sepharose. The antibodies that failed to bind to this column inhibited the carboxylation of the synthetic substrates proPT28 and FLEEL by partially purified carboxylase (Fig.  3) . Under the conditions employed the carboxylation was inhibited by 80%6, with parallel inhibition of CO2 incorporation into FLEEL and proPT28. These results indicate that antibodies directed against the propeptide-eluted carboxylase preparation, in which enzyme activity could not be assayed, do inhibit the carboxylase. Western blot analysis of partially purified carboxylase, propeptide-eluted carboxylase, and DTT-eluted carboxylase by using the anticarboxylase antiserum demonstrated reactivity with the Mr 77,000 band in all carboxylase fractions (Fig. 4) . In the absence or presence of reducing agent the molecular weight of the carboxylase is 77,000.
Characterization of the Vitamin K-Dependent Carboxylase. The vitamin K-dependent carboxylase and the vitamin KH2 epoxidase activities may be closely linked (42, 43) . The vitamin K-dependent carboxylase, purified by reductive cleavage using DTT, was incubated with vitamin K and the substrate FLEEL in the presence of "4CO2. Aliquots were removed and assayed for carboxylated FLEEL and for vitamin K epoxide. Linear time-dependent formation of both vitamin K epoxide and y-carboxyglutmate residues was detected with the pure enzyme. The specific activities of the partially purified microsomes and the homogeneous vitamin Biochemistry: Hubbard et K-dependent carboxylase were 2.77 and 279.6 nmol of vitamin K epoxide per hr per mg of protein, respectively, a 101-fold purification of the vitamin K epoxidase activity from partially purified microsomes. This is in close agreement with the 107-fold purification of the carboxylase activity from partially purified microsomes. These results demonstrate that the vitamin K-dependent carboxylase activity and vitamin K epoxidase activity are properties of the same protein.
Given a molecular weight of 77,000, a turnover number of about 0.4 min-' can be computed for the FLEEL-dependent vitamin K epoxidase under the assay conditions.
DISCUSSION
The vitamin K-dependent carboxylase is located in the rough endoplasmic reticulum (44) and is responsible for the conversion of glutamic acid residues to -y-carboxyglutamic acid residues in the precursor form of the vitamin K-dependent proteins. The carboxylase can be solubilized from the microsome membrane fraction by using a variety of detergents, including CHAPS (34, 38) . Purification by traditional methods has not been successful because of the instability of the solubilized membrane protein (45) . An active, albeit immobilized, carboxylase preparation can be enriched from bovine liver microsomes by using anti-factor X antibodies bound to Sepharose to bind a putative endogenous profactor Xcarboxylase complex in these microsomes (31) . Although initial efforts with elution of active carboxylase were unsuccessful, Suttie and colleagues (33) were able to dissociate the prozymogen-carboxylase complex by elution with 1 mM propeptide and obtain an overall purification of about 400-fold.
The determination of the specific activity and overall purification yield is complicated for this enzyme. There is evidence to support the presence of a carboxylase inhibitor that is removed during the ammonium sulfate fraction step (34) . Furthermore, the carboxylase remains active toward small substrates such as FLEEL while bound to profactor X bound to anti-factor X covalently attached to an inert matrix (31) , but the effect of immobilization on its specific activity is unknown. Although the propeptide inhibits the carboxylation of synthetic peptides containing the carboxylation recognition site (24) , low concentrations ofpropeptide (1 ,uM) stimulate carboxylation of FLEEL by 3-to 8-fold (24, 26) , while high concentrations (10 mM) are inhibitory. Finally, the carboxylase activity is unstable and rapidly decays at 25°C. Therefore, comparison ofthe current purification with earlier reports is difficult.
We have employed a partially purified bovine liver carboxylase as the starting material for the affinity purification (32) . Purification of carboxylase to this stage has been reported to be 95-fold over crude microsomes (32) 4 AM (24), we developed affinity matrices containing synthetic peptides designed about the amino acid sequence ofthe prothrombin propeptide, incorporating the carboxylation recognition site and a linker domain to eliminate steric effects in the binding of the carboxylase to the affinity matrix. Specific absorption ofcarboxylase to the gel was realized and specific elution was effected with high concentrations of free propeptide. A single protein species was eluted under these conditions, but only minimal enzyme activity could be detected in the presence of inhibitory concentrations ofpropeptide. Efforts to remove the propeptide from the carboxylase and to regain activity were unsuccessful. For these reasons, we developed an alternative elution system based on the previous observation that the carboxylase is not inactivated by DTT (31, 32) . The propeptide-linker peptide was modified with the incorporation of an NH2-terminal cysteine residue and coupled via a disulfide bond to a Sepharose matrix containing an activated thiol. The carboxylase-peptide complex bound to the column was removed after extensive washing by the reduction of the disulfide bond coupling the peptide to the Sepharose. Because some underivatized thiols reacted with contaminating proteins, an activated thiol precolumn was employed to remove any proteins potentially reactive with the propeptide-Sepharose column and the flowthrough applied to the propeptide-Sepharose column. Although thiol columns have been used for the purification of proteins with reactive cysteines, the strategy ofattachment of a ligand through a disulfide linkage and elution with a reducing agent has not been previously employed, to our knowledge. We have used a synthetic peptide that includes the primary structure of a recognition element that interacts with another protein. With the ability to synthesize peptides that incorporate this binding structure and other characteristics that maximize specific high-affinity binding and specific elution, we have demonstrated the potential for the rational design of synthetic peptides for affinity purification of proteins containing complementary binding structures. This approach may be usefully applied when the amino acid sequence of a binding domain of one protein is known, and a synthetic peptide based upon this domain may be used to purify the second protein to which it binds.
The carboxylase migrates as a single band of Mr 77,000 under nonreducing and reducing conditions. This protein binds to the propeptide and is responsible for vitamin Kdependent incorporation of CO2 into the synthetic substrate FLEEL. It has been previously suspected, on the basis of the analysis of crude and partially purified vitamin K-dependent carboxylase and vitamin K epoxidase activities, that the carboxylation of glutamic residues and the oxidation of vitamin K to vitamin K epoxide are reactions that are coupled (42, 43) . Indeed, in the current experiments we demonstrate that vitamin K-dependent carboxylation and vitamin K epoxide formation are catalyzed by the same enzyme.
With the current availability of a highly purified, enzymatically active bovine liver vitamin K-dependent carboxylase, it will now be possible to examine the mechanistic details of this enzyme, with special reference to understanding the role of vitamin K in this reaction. This enzyme is likely to represent a unique carboxylase from a mechanistic point of view. The vitamin K-dependent carboxylase is widely distributed in various tissues, but its functional role in most of these tissues is unknown. Elucidation of the structure of the enzyme should provide insight into structure-function relationships in this integral membrane protein.
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